Abstract: While remanufacturing is highly encouraged worldwide, some original equipment manufacturers (OEMs) in the electrical and electronics industry are still not willing to embrace remanufacturing, for fear of expensive investment or the cannibalization of existing products. Meanwhile, third-party remanufacturers' (TPRs) remanufactured products are developing quickly. Due to quality reasons, consumers usually have a higher preference for OEM-certified remanufactured products than uncertified ones. As such, remanufacturing certification has become a strategy that OEMs can use to benefit from product remanufacturing. Our paper focuses on the remanufacturing certification contract between an OEM and a TPR. Once certified, the TPR makes payments to the OEM. These payment terms will affect their enthusiasm for participating in remanufacturing certification. By establishing game models among an OEM, a certified TPR, and an uncertified TPR, our paper explores three certification contracts, namely, the lump-sum payment, profit-sharing payment, and piece-rate payment. We identify the conditions for the OEM and certified TPR to reach a win-win outcome. Our results show that when TPRs have a high profit margin and there is no significant difference in consumers' preferences between certified and non-certified remanufacturing channels, the profit-sharing payment contract yields the highest profit; otherwise, the piece-rate payment contract is best for the OEM.
Introduction
With the increasing awareness of sustainable manufacturing, remanufacturing has been growing quickly in the electrical and electronic industry, due to environmental concerns, government legislation, corporate social responsibility, and sustainable competitiveness [1, 2] . Remanufacturing is the industrial process of restoring used products into those exhibiting an as-new condition [3, 4] . Modules disassembled from returned products are kept, replaced, or restored, and then reassembled into remanufactured products [5] . The promotion of the remanufacturing industry has become an important issue worldwide. This is because discarded e-products have both the attributes of a valuable resource and a potential pollutant. The recycling and reusing of e-products is a highly profitable business, while unregulated disposal may cause severe environmental pollution due to the components of harmful heavy metals [6] . To promote environmentally friendly practices for the reuse of e-products, many countries have strict regulations based on the principal of extended producer responsibility (EPR), to encourage producers to engage in recycling and reusing [7] . However, even though remanufacturing may result in a reduction in the production cost [1, 4] , many manufacturers are still not willing to embrace remanufacturing for fear of expensive investment in the fixed cost of remanufacturing or the internal cannibalization of the sales of new products [8] . Moreover, various uncertainties in the acquisition of products and recovery management also discourage manufacturers from entering into remanufacturing.
On the other hand, third party remanufactures (TPRs) thrive on the business of selling remanufactured products in the secondary market [9] , which have posed a threat to the demand for new products [10] . The upgrading of e-products has led to the prosperity of the secondary market for remanufactured products. According to the U.S. International Trade Commission, the value of U.S. remanufactured production was about $43 billion in 2011 [11] . However, because of the lack of uniform regulation, the secondary markets are comprised of both superior and poor quality e-products, from various remanufacturers. A lack of guarantee, control, or clear information about remanufacturing conditions has left consumers in doubt. It is observed that consumers are sensitive to the source of the remanufacturing work, and usually have a higher preference for manufacturers' or manufacturer-certified remanufactured products than uncertified products [12, 13] .
Today, the trend is towards certifying TPRs by providing strict guidelines for the remanufacturing processes. A certified TPR will pay an agreed certification fee to an original equipment manufacturer (OEM) and produce the remanufactured products under the OEM's specific standards. For example, Lenovo and HP provide certification to TPRs and implement a rigorous examination to ensure that they meet the technical requirements and quality control criteria, and that the remanufactured products will not damage the company's brand reputation [14, 15] . Since March 2015, Apple Inc. has started a trade-in program for iPhones in China, in cooperation with the Foxconn Technology Group [16] . This collaboration certifies Foxconn to directly collect the older model iPhones and repair the devices according to stringent quality standards, before reselling the remanufactured ones. For OEMs, remanufacturing certification has several benefits. First, the certification payment will directly contribute to the OEM's profits. Second, certified TPRs' products are similar to OEMs' own low-level products, as opposed to those products from uncertified TPRs. Therefore, OEMs can benefit from price discrimination. Finally, OEMs do not have to directly engage in remanufacturing work and will be less pressured to invest in and manage a new business, and will thus be better able to focus on new product introductions and marketing.
In the strategy of remanufacturing certification, deciding on an optimal certification contract has become a big concern confronting OEMs. Certification contracts with an agreement on payment terms will affect whether OEMs can make a profit from the certification program, which further exerts an influence on OEMs' enthusiasm for participating in remanufacturing. This is a relatively new issue, without much previous research. In this paper, we examine how an OEM chooses an optimal certification contract for a TPR, when we have a competing TPR.
Based on the literature on cooperation contracts, we study three certification contracts, namely the lump-sum payment contract, the profit-sharing payment contract, and the piece-rate payment contract, described as follows:
(1) In the contract of lump-sum payment, a certified TPR pays a one-time certification fee to the OEM. Due to ease of implementation, the lump-sum contract form has been used for supply chain collaboration [17] [18] [19] . (2) In the contract of profit sharing, a certified TPR pays a certain percentage of its profit to the OEM as certification fees. This kind of contract form, along with wholesale pricing, has also been commonly used in supply chain collaboration [20, 21] . (3) In the contract of piece-rate payment, a certified TPR pays a certification fee for each remanufactured product. This contract has been proposed by Oraiopoulos et al. [10] in the relicensing of some manufacturers.
The remainder of this paper is organized as follows. We review the related literature in Section 2. In Section 3, we present the model setting and consider a price competition game between one OEM and two TPRs (one is certified and the other uncertified). Based on that, Sections 4-6 study three certification contracts and discuss the win-win conditions between the OEM and the certified TPR. In Section 7, we make numerical comparisons between the three contracts and analyze the optimal contract for the OEM. Finally, Section 8 provides the conclusions.
Literature Review
In recent years, remanufacturing has become more prevalent due to the high growth of the secondary product market [22, 23] . Govindan et al. [24] and Kumar and Ramachandran [25] present a comprehensive review of research in this area. Our paper focuses on the cooperation and competitive relationship between an OEM, a certified TPR, and an uncertified TPR, in managing new and remanufactured products. Studies associated with our paper can be categorized into four categories: manufacturing and remanufacturing management; competitive impact of TPRs' remanufactured products on an OEM's new products; cooperation between an OEM and a TPR through remanufacturing certification; and certification contract selection between an OEM and a TPR.
Research in manufacturing and remanufacturing management mainly focuses on purchasing management [26] [27] [28] , manufacturing planning [29] [30] [31] [32] [33] , inventory control [27, 34] , and material planning [35] [36] [37] . For example, Mitra [26] examines how a monopolist firm manages the core supply in producing both new and remanufactured products. Bulmus et al. [29] study an OEM's acquisition decision of old products and the pricing of new and remanufactured products in one period. Van Der Laan et al. [34] explore production planning and inventory control in a hybrid system containing manufacturing and remanufacturing activities. Ferguson et al. [35] introduce the quality factor of returned products and study a tactical production-planning problem for remanufacturing. However, the above studies only consider the manufacturing activity of one firm.
Some literature considers TPRs' remanufacturing activities which compete with manufacturers' new products. Atasu et al. [1] point out that, confronted with the competition of TPRs, OEMs should engage in the remanufacturing process and use it as a marketing strategy to defend their market share through price discrimination. Ferrer and Swaminathan [12] characterize the competition between an OEM and a remanufacturer in multi-periods and indicate that the OEM's remanufactured products have a higher recognition than those from the remanufacturer in the market. Results show that when competition becomes intense, the OEM tends to remanufacture all returned products. In Wu [38] , an OEM can set the interchangeability level to determine which products can be disassembled without force. Results show that this product-design strategy is effective for the OEM in competing with a remanufacturer. The above papers assume that an OEM carries out remanufacturing or competes with TPRs using product-design or pricing strategies, rather than managing the remanufacturing activities through cooperation with TPRs.
The literature on certification cooperation between an OEM and a TPR is limited. In Oraiopoulos et al. [10] , because of software updates and copyrights, a TPR has to be relicensed by an OEM. This paper indicates that an OEM's control through mandatory certification could influence the growth of the secondary goods market. Zou et al. [39] compare two modes of outsourcing and authorization that OEMs could take to a TPR on remanufacturing branded or patented products. Hong et al. [40] study the technology licensing on patented products between a manufacturer who is the patent holder and a remanufacturer who is the licensee. Huang and Wang [41] assume that a manufacturer tends to cooperate with a distributor and a third party through technology licensing, and study different hybrid remanufacturing models.
The major difference between our study and the above research is that ours considers whether uncertified TPRs exist. The above papers assume that remanufacturing certification is mandatory for all TPRs and that there is no uncertified TPR in remanufacturing patented products. For example, Cisco and Sun, the manufacturers of IT servers, require buyers of the refurbished products to pay high relicensing fees for the proprietary software. "Cisco adopts a policy of non-transferability of its software to protect its intellectual property rights" (cisco.com). However, in the electrical and electronic industry, it is common to find uncertified TPRs, due to the fact that there is no software copyright issue for most e-products, such as Android phones. For instance, there are many uncertified remanufactured e-products sold on eBay. On the HP official website, there are comparisons between certified and uncertified products. "HP or an authorized HP dealer ensures that your product has been refurbished and tested to meet stringent HP standards. Brokers or third-party refurbishers may not use genuine HP components and have no adequate warranty or return policy" (hp.com). According to the market observations in the electrical and electronic industry, remanufacturing certification is a choice for both OEMs and TPRs, rather than a mandatory requirement. Therefore, our paper relaxes the assumption of mandatory certification.
Studies on certification contract selection between an OEM and a TPR are still lacking. Most studies on contract selection focus on supply chain collaboration [17] [18] [19] [20] [21] . Few related studies focus on technology licensing. In Hong et al. [40] , the manufacturer produces both new and remanufactured products, and provides licensing to a remanufacturer. They examine two licensing patterns, fixed fee versus royalty, in a two-period closed-loop supply chain. Distinct from Hong et al.'s study [40] , we examine the remanufacturing certification in the game models with three players, which contain an OEM, a certified TPR, and an uncertified TPR. In fact, the certified TPR and uncertified TPR have essential differences, which reflect the relationship with the OEM. The relationship between the certified TPR and OEM is a business cooperation, although there is still sales competition between certified remanufactured products and new products. The relationship between the uncertified TPR and OEM is one of pure competition. The competition of the uncertified TPR on the OEM and certified TPR will directly affect the contract selection. In addition, these relationships of cooperation and competition make our model unique to the electrical and electronic industry.
According to the literature review above, the extant research has not examined an OEM's remanufacturing certification contract in the secondary market of e-products with independent TPRs. Our paper attempts to fill this research gap. This study is important to e-product OEMs because, under the pressure of resource shortages, environmental protection, and legislation pressure, an increasing number of manufacturers expect to engage in recycling and reusing products in some manner [31] . The study on choosing a certification contract will directly impact the willingness to cooperate between an OEM and a TPR.
The contribution of this paper is threefold. (1) The paper studies three feasible certification contracts by building a three-player game model framework consisting of an OEM, a certified TPR, and an uncertified TPR; (2) Remanufacturing certification is a strategic choice for a TPR, and this paper studies the conditions under which an OEM and a certified TPR can achieve a win-win outcome; (3) By comparing three certification contracts, the optimal contract is discussed for the OEM, which can provide managerial insights for manufacturers' remanufacturing practice.
Model Development
As shown in Figure 1 , there are two kinds of products in the e-product market, one being the new products dominated by an OEM and the other being the remanufactured ones dominated by a certified TPR (hereafter referred to as CTPR) and an uncertified TPR (referred to as UTPR). Here, our paper follows Tirole [18] and assumes that only one TPR is certified. Tirole [18] points out that at most, one downstream firm pays for a certain priority, since a second firm who also has the access will destroy the earning mode of the first downstream firm.
These two TPRs collect and remanufacture e-products and then sell them in the secondary market. A CTPR's remanufactured products have a higher market recognition compared to those of an UTPR. Our model builds a two-stage game framework for the three firms based on one period of production and sale. In the first stage, the OEM decides on the certification fee. In the second stage, the OEM and two TPRs set the prices of new and remanufactured products, respectively. Considering the huge and growing number of old e-products, the acquisition quantity of old products is usually much higher than that of those chosen for remanufacturing. Therefore, our paper assumes that there is no upper limit to the quantity of obtainable and reusable products. In general, consumers' preferences vary as to whether a product is new or remanufactured, or whether a remanufacturing channel is certified by an OEM or not. We set the consumer preference for new products as 1, and the preference for remanufactured products as against the new ones as . Here, 0 < < 1 [10, 39, 42] . Likewise, we assume that consumers' preference for a certified remanufacturing channel is 1, and that their preference for a regular remanufactured channel as against the certified channel is . Here, 0 < < 1 [12] . Consumers' preferences for new products, certified remanufactured products, and uncertified remanufactured products are assumed to be 1, , and , respectively. and can be considered as consumers' perceived quality factors, which include attributes such as the warranty period, physical appearance, and technical specification [43] . To facilitate an understanding of the model, we provide the symbols used and their corresponding meanings in Table 1 . The production costs for new and remanufactured products are and , respectively. The sales prices of new products, certified remanufactured products, and uncertified remanufactured products are , , and , respectively. Their corresponding sales volumes are , , and , respectively.
Assume that consumers' willingness to pay is , with a uniform distribution between [0, 1], which is ~ [0, 1] [10, 12] . If they decide to purchase new products, the utility they get is = − ; if they choose to buy certified remanufactured products, the utility is = − ; and if they choose uncertified remanufactured products, the utility is = − . In general, consumers' preferences vary as to whether a product is new or remanufactured, or whether a remanufacturing channel is certified by an OEM or not. We set the consumer preference for new products as 1, and the preference for remanufactured products as against the new ones as α. Here, 0 < α < 1 [10, 39, 42] . Likewise, we assume that consumers' preference for a certified remanufacturing channel is 1, and that their preference for a regular remanufactured channel as against the certified channel is β. Here, 0 < β < 1 [12] . Consumers' preferences for new products, certified remanufactured products, and uncertified remanufactured products are assumed to be 1, α, and αβ, respectively. α and β can be considered as consumers' perceived quality factors, which include attributes such as the warranty period, physical appearance, and technical specification [43] . To facilitate an understanding of the model, we provide the symbols used and their corresponding meanings in Table 1 . Table 1 . Definition of symbols.
Symbol Definition
α Consumers' preference for remanufactured products as against the new ones β Consumers' preference for regular remanufactured channel as against the certified channel c N Production cost for new products c R Production cost for remanufactured products P N Sales price of new products P A Sales price of certified remanufactured products P R Sales price of uncertified remanufactured products q N Sales volume of new products q A Sales volume of certified remanufactured products q R Sales volume of uncertified remanufactured products π N0 The manufacturer's profit in the model without CTPR π R0 UTPR's profit in the model without CTPR π N_di
The manufacturer's profit in the three contracts
Certification fee in the lump-sum payment certification contract γ Profit-sharing percentage in the profit-sharing certification contract s Unit certification fee in the piece-rate payment certification contract
The production costs for new and remanufactured products are c N and c R , respectively. The sales prices of new products, certified remanufactured products, and uncertified remanufactured products are P N , P A , and P R , respectively. Their corresponding sales volumes are q N , q A , and q R , respectively.
Assume that consumers' willingness to pay is θ, with a uniform distribution between [0, 1], which is θ ∼ U [0, 1] [10, 12] . If they decide to purchase new products, the utility they get is U N = θ − P N ; if they choose to buy certified remanufactured products, the utility is U A = αθ − P R ; and if they choose uncertified remanufactured products, the utility is U R = αβθ − P R .
When consumers' utilities are the same between purchasing new products and certified remanufactured products, we obtain the indifference point θ 1 = (p N − p A )/(1 − α). When consumers' utilities are the same between remanufactured products from the two TPRs, we get the indifference point θ 2 = (p A − p R )/(α − αβ). When the utilities are the same for consumers to buy uncertified remanufactured products and nothing, we get the indifference point θ 3 = p R /(αβ). In reality, the firm's profit has to be non-negative, otherwise they would not participate in the program. As such, we only consider the competition model in which both the OEM and the two TPRs participate, i.e., the product demands for the three sources are all nonnegative, the conditions to be met are θ 1 > p N , θ 2 > p A , and θ 1 > θ 3 . Figure 2 below shows the price distributions from the three sources, the indifference points, and the corresponding demands for each. When consumers' utilities are the same between purchasing new products and certified remanufactured products, we obtain the indifference point = ( − ) (1 − ) ⁄ . When consumers' utilities are the same between remanufactured products from the two TPRs, we get the indifference point = ( − ) ( − ) ⁄ . When the utilities are the same for consumers to buy uncertified remanufactured products and nothing, we get the indifference point = ( ) ⁄ . In reality, the firm's profit has to be non-negative, otherwise they would not participate in the program. As such, we only consider the competition model in which both the OEM and the two TPRs participate, i.e., the product demands for the three sources are all nonnegative, the conditions to be met are > , > , and > . Figure 2 below shows the price distributions from the three sources, the indifference points, and the corresponding demands for each. Now, we can obtain the demand functions for new products, certified remanufactured products, and uncertified remanufactured products:
For the CTPR, its acceptance of remanufacturing certification must be based on the condition that its profit is higher than before. For the OEM, its acceptance of remanufacturing certification must also be based on the condition that its profit is higher than that before its approval of certification. Without a CTPR, we solve the price competition model between the OEM and UTPR. For ~ [0,1], the sales quantity of new products is 1 − ; and that of refurbished products is − . The OEM and UTPR decide on product prices at the same time. In the model without CTPR, the OEM's profit is = ( − ) and UTPR's profit is = ( − ) . After substituting and with 1 − and − , the profit functions are concave with respect to and . By combining the first-order derivatives with respect to these two decision variables, we obtain the only equilibrium outcome. * = (2 + + 2 − 2 )/(4 − ) and * = (2 + + (1 − ))/(4 − ). Under equilibrium conditions, the OEM's profit is * =
Next, we establish the game models to analyze the lump-sum payment contract, the profitsharing payment contract, and the piece-rate payment contract. To conveniently distinguish them, we use the subscript "i" (i = 1, 2, 3) to label the variables shown in the three contracts.
Lump-Sum Payment Contract
In the lump-sum payment certification contract, CTPR will only pay the OEM once at the very beginning, irrespective of its remanufacturing quantity. After being certified, CTPR will benefit from the manufacturer's brand to enhance consumers' preference for its remanufactured products.
In the first stage of the game, the OEM sets its certification fee ℎ. In the second stage, the OEM decides on the sale prices of its new products PN, and the CTPR and UTPR decide on the prices of their remanufactured products PA and PR, respectively. We proceed backwards, to derive the equilibrium of this Stackelberg game. Given a certification fee, we first examine the price competition among the three firms and obtain the equilibrium solutions. Then, we discuss the optimal certification fee and explore the conditions for a win-win outcome.
The profit functions of the manufacturer, CTPR, and UTPR are: Now, we can obtain the demand functions for new products, certified remanufactured products, and uncertified remanufactured products:
For the CTPR, its acceptance of remanufacturing certification must be based on the condition that its profit is higher than before. For the OEM, its acceptance of remanufacturing certification must also be based on the condition that its profit is higher than that before its approval of certification. Without a CTPR, we solve the price competition model between the OEM and UTPR. For θ ∼ U[0, 1], the sales quantity of new products is 1 − P N −P R 1−αβ ; and that of refurbished products is
αβ . The OEM and UTPR decide on product prices at the same time. In the model without CTPR, the OEM's profit is π N0 = (P N − c N )q N and UTPR's profit is π R0 = (P R − c R )q R . After substituting q N and q R with 1 − P N −P R 1−αβ and
αβ , the profit functions are concave with respect to P N and P R . By combining the first-order derivatives with respect to these two decision variables, we obtain the only equilibrium outcome.
.
Next, we establish the game models to analyze the lump-sum payment contract, the profit-sharing payment contract, and the piece-rate payment contract. To conveniently distinguish them, we use the subscript "i" (i = 1, 2, 3) to label the variables shown in the three contracts.
In the first stage of the game, the OEM sets its certification fee h. In the second stage, the OEM decides on the sale prices of its new products P N , and the CTPR and UTPR decide on the prices of their remanufactured products P A and P R , respectively. We proceed backwards, to derive the equilibrium of this Stackelberg game. Given a certification fee, we first examine the price competition among the three firms and obtain the equilibrium solutions. Then, we discuss the optimal certification fee and explore the conditions for a win-win outcome.
The profit functions of the manufacturer, CTPR, and UTPR are:
After substituting the demand with Formula (1), the profit functions are concave with respect to p N , p A , and p R . Combining the first-order derivatives with respect to these three decision variables, we obtain the only equilibrium outcome as follows.
Proposition 1.
In the model of a lump-sum payment contract, the equilibrium prices and corresponding sales quantities can be summarized as follows:
To ensure that the demands are nonnegative, there are three constraints in the form of inequalities:
and:
After further examination and analysis, we can simplify the three constraints into one:
. Based on the above equilibrium decisions, the static analysis with respect to α and β can be obtained in Corollary 1 below.
Corollary 1.
(1) P * N_d1 is positively correlated with β, and q * N_d1 is negatively correlated with β. If α and β are high enough, which means that α approximates 1 and β is beyond (12 − According to the above results, if consumers' preference for remanufactured products α is very high and UTPR has a high degree of market recognition, then a rise in α will lead to an increase in the price of new products; otherwise, it will cause a decrease.
(2) P * A_d1 and β are negatively correlated, and q * A_d1 and β are positively correlated.
When consumers' preference for the uncertified remanufacturing channel β goes up, in response to UTPR's competition, CTPR will lower the price of remanufactured products to increase the sales volume.
(3) There exists a β * , so that when β > β * , P * R_d1 and β are negatively correlated; when β < β * , P * R_d1 and β are positively correlated. q * R_d1 and β are positively correlated.
When consumers' preference for the uncertified remanufacturing channel β goes up, UTPR's competitiveness improves, its sales volume will increase, but the change direction of the sales price is uncertain. As β increases gradually in the range of [0, 1], the sales price will first go up, and then go down.
According to Corollary 1, as consumers' preference for the regular remanufactured channel over the certified channel grows, which indicates increasing competitiveness for the UTPR, the OEM will reduce the price of new products to obtain a bigger market share, as will the CTPR. However, the UTPR will raise the price of its products if consumers' preference for the regular remanufactured channel is quite low, in order to enlarge its profit margin. Only if consumers' preference for the regular remanufactured channel has been sufficiently high, will the UTPR adopt the strategy of price reduction because of the competitive pressure from the OEM and CTPR.
As consumers' preference for remanufactured products over the new ones increases, the OEM will not necessarily adopt the strategy of reducing prices. If the remanufactured products have great market recognition, and the certified products do not have an obvious competitive advantage compared with uncertified ones, then the OEM will raise the price of new products. As such, under a remanufacturing certification contract, the influence of consumers' preference for remanufactured products on the OEM's pricing of new products is related to TPRs' competitiveness. This is because the OEM has to consider all relevant factors, including the CTPR's profitability, when it comes to optimizing its total profit.
Corollary 2.
The condition for the CTPR to choose certification is π * A_d1 ≥ 0. When the certification fee exceeds a certain amount, the CTPR will choose not to be certified. Therefore, we get the following:
Remark 1. If c N and α are high enough, and β is small enough, then π * N_d1 − π * N0 > 0 at the point of h = h Max . As such, the OEM and CTPR have a win-win outcome through certification.
The reasons are as follows. When h = h Max , π * N_d1 − π * N0 is positively correlated with c N . As β increases, π * N_d1 − π * N0 will first go up, and then go down. As α increases, π * N_d1 − π * N0 will first go down, and then go up. Therefore, there exist thresholds c N , α, and β, such that when c N > c N , α > α, and β < β, we have π * N_d1 − π * N0 > 0. According to Remark 1 above, when the cost of new products is relatively high, consumers' preference for remanufactured products is sufficiently high, and the difference in consumers' preferences between the two remanufacturing channels is significant, indicating that the remanufactured products have a promising prospect, especially for certified remanufactured products, then the OEM would be willing to certify a TPR, resulting in a win-win outcome.
Profit-Sharing Payment Contract
The profit-sharing certification contract is based on the predetermined economic sharing rule, which defines the split of gains between two contract participants. It is a cooperation contract that enables the OEM and CTPR to share the benefit of the OEM's brand value.
In the first stage of the game, the OEM sets a profit-sharing percentage γ. In the second stage, the OEM and TPRs decide on their respective sale prices. Similar to the lump-sum contract, the backward induction method is used to solve this Stackelberg game. Given the percentage γ, we first examine the price competition among the three firms. Then, we discuss the OEM's and the CTPR's optimal profit-sharing percentage and explore the conditions for a win-win outcome.
The profit functions of the OEM, CTPR, and UTPR are:
Proposition 2. In the model of a profit-sharing payment contract, the equilibrium prices can be summarized as follows:
To ensure that the demands are nonnegative, we have three constraints in the form of inequalities:
After further examination and analysis, we can simplify the three constraints to one:
. Based on the above equilibrium decisions, the static analysis with respect to γ and β can be obtained in Corollary 3 below.
Corollary 3.
(1) The influences of the profit-sharing percentage γ on prices are:
The influence of consumers' preferences β on prices are:
Here:
If γ increases, then the prices of new and remanufactured products will all go up. As β increases, the prices of new and certified remanufactured products will decrease, and the price of uncertified remanufactured products could go up or down, depending on the value of β. If β is high enough, then the price of the UTPR's remanufactured products is negatively correlated with β; otherwise, it is positively correlated.
(2) The influences of the profit-sharing percentage γ on sale volumes are:
The influence of consumers' preference for the uncertified channel on sales volumes are:
According to the above results, if γ increases, the prices of all the products will go up, but the sales volume of new products will go down and that of the remanufactured products will go up. As β increases, the sales volume of new products goes down and that of the UTPR goes up. As β increases, although the prices of the CTPR's products are going down, its sales volume may go up or down, depending on the value of γ.
(3) The influences of the profit-sharing percentage γ on firms' profits are:
An increase in γ can boost the profits of the OEM and UTPR, but lower the profit of the CTPR.
According to Corollary 3, when consumers' preference for the regular remanufactured channel over the certified channel grows, which means that the difference in consumers' preferences between the two remanufacturing channels is narrowing, both the OEM and CTPR will reduce their prices. However, distinct from the results under the lump-sum payment contract, the CTPR's sales volume does not necessarily increase under the profit-sharing payment contract. If the percentage of profit sharing is sufficiently high, its sales volume will go down, which represents the impact of certification payment on the CTPR's remanufacturing activity.
As the profit-sharing percentage increases, the OEM and TPRs will all adopt the strategy of raising prices. The OEM will give up some proportion of the market share of new products and expect a growing market share of the CTPR's remanufactured products. As such, the final outcome will be a higher profit for the OEM and lower profit for the CTPR. Therefore, when the profit-sharing percentage exceeds a certain value, the CTPR will choose not to be certified. According to our assumption on a CTPR's participation constraints, the condition for CTPR to accept certification is π * A_d2 ≥ 0, which means γ ≤ 1.
Remark 2. When c N is big enough, then π *
N_d2 − π * N0 > 0 at the point of γ = 1. As such, the OEM and CTPR have a win-win outcome through certification.
When γ = 1, the profit difference π * N_d2 − π * N0 is positively correlated with c N . Only when c N is high enough, will the profit difference be positive. When the production cost of new products is sufficiently high, the OEM can make a profit from the certification, and the profit of the CTPR will also go up. The OEM and CTPR can negotiate their profit-sharing percentage so that they can have a win-win outcome. Here, the higher the consumers' preference for remanufactured products (α), the greater the increase in their profits. However, when the production cost of new products is relatively low, the OEM's new products will be much more competitive than the remanufactured products. As such, the benefits that remanufacturing certification bring to the OEM are not so tempting, and may not offset the competition that certified remanufactured products provide to the new products. Therefore, the OEM is unwilling to adopt certification in this case.
Piece-Rate Payment Contract
In the piece-rate payment certification contract, the certification fees are based on the number of products remanufactured. The total fee that the CTPR pays will depend on both the unit certification fee and the number of remanufactured products. Once a piece of product is remanufactured, a unit certification fee will be charged to the CTPR.
In the game framework, the OEM needs to set a unit certification fee s, and then the three parties decide on the sale prices of their products. Similar to the lump-sum contract, the backward induction method is used to solve this Stackelberg game. Given the unit certification fee s, we first examine the price competition among the three firms. Then, we discuss the OEM's and CTPR's optimal certification fee and explore the conditions for a win-win outcome.
The profit functions of the manufacturer, CTPR, and UTPR, respectively, are:
Proposition 3. In the model of a piece-rate payment contract, the equilibrium prices can be summarized as follows:
To ensure that the demands are nonnegative; we have three constraints in the form of inequalities:
Further analysis and discussion helps to simplify them to:
Based on the above equilibrium decisions, the static analysis with respect to s and β can be obtained in Corollary 4 below.
Corollary 4.
(1) The impacts of the certification fee son prices are: According to Corollary 4 (1), when the certification fee increases, the prices of both new products and remanufactured products will go up. As β increases, indicating that the difference in consumers' preferences between the two channels is narrowing, the prices of new and certified remanufactured products will go down. As β increases, the price of uncertified remanufactured products will also go up, until β becomes extremely high, because the falling prices of the other two products compel the UTPR to lower its prices. The influence of consumers' preference β in the uncertified channel on sales volumes are:
As the certification fee increases, all prices will go up, but the sales volumes of new and certified remanufactured products will go down, while that of uncertified remanufactured products will go up. As the consumers' preference β increases, the sales volume of new products and certified remanufactured products will go down, while that of uncertified remanufactured products will go up. Therefore, the increase in s and β is beneficial for the UTPR.
(3) The influences of the certification fee s on the firms' profits are:
The condition for the CTPR to accept certification is: π * A_d3 ≥ 0, which requires s < s to hold. When the certification fee exceeds s , the CTPR will choose not to be certified.
According to Corollary 4, the UTPR benefits from an increasing certification fee because its sales price and volume will both go up, leading to a higher profit. In contrast to the UTPR, the CTPR gets hurt from an increasing certification fee. Due to the expenditure on the certification payment, the CTPR will have to raise the price of its remanufactured products, which lowers the sales volume and decreases its profit. It appears that the OEM would always benefit from a higher certification fee. However, this is not always the case. An excessive certification fee may lower the OEM's profit.
Distinct from the results under the lump-sum and profit-sharing payment contracts, when consumers' preference for the regular remanufactured channel over the certified channel increases, the sales volume of new products and the CTPR's remanufactured products will keep decreasing, although they have adopted the price reduction strategy. This is because, under the piece-rate payment contract, the sale of certified remanufactured products is a big concern for the CTPR and cannot be kept very high, especially if the UTPR is more competitive.
We continue to analyze the optimal certification fee for both the OEM and CTPR. The results are shown in the following Corollary 5. 1+α , we have s * < s and the OEM will choose s * as its optimal certification fee. The CTPR's profit is higher than that before being certified. There exists aĉ R , such that if c R <ĉ R , then π * N_d3 − π * N0 > 0, indicating that both the OEM and CTPR will benefit from the certification.
According to Corollary 5, the OEM will not necessarily choose a very high certification fee. Instead, the OEM will consider the competitiveness of certified remanufactured products and new products, and then choose an appropriate certification fee, which maximizes its total profits from new production and remanufacturing certification.
Remark 3.
When the production cost of new products c N is small enough and that of remanufactured products c R > 2c N α 1+α , we have s * > s , and the OEM will choose s as its optimal certification fee. When s = s , we find that π * N_d3 − π * N0 < 0, and the certification contract will not be adopted.
Remark 4.
If the production cost of new products c N is high enough and that of remanufactured products c R is sufficiently low, then s * < s , indicating that the OEM's most desirable certification fee will be lower than the maximum certification fee that the CTPR can accept. When s = s * , we find that π * N_d3 − π * N0 > 0. As such, the OEM and CTPR have a win-win outcome through certification.
According to the above results, when the competitiveness of new products is weak and the remanufacturer has a cost advantage, the OEM will choose a certification fee that benefits the CTPR. Therefore, a piece-rate payment contract will be adopted. However, when the competitiveness of new products is strong, and the remanufacturing does not have a cost advantage, an agreement on the piece-rate payment contract will not be reached.
Comparison of the Three Contracts
After analyzing the certification contracts, we now provide the conditions under which the OEM will adopt each of them. Limited by the calculation complexity of the problem (three players in a two-stage game with nonnegative-demand constraints), we follow Oraiopoulos et al.'s approach [10] and use a numerical simulation with all possible parameter combinations to make the profit comparison.
Remark 5.
If TPRs' profit margin is strong (α is very big, and c R is small enough), and the difference in consumers' preference between the certified and uncertified channels is small (β is big enough), then the OEM's profit will be highest under the profit-sharing payment contract; otherwise, the piece-rate payment contract will be optimal for the manufacturer.
The conclusions in Remark 5 can be explained by examining the case where remanufactured products have very strong competitiveness, i.e., they have a high degree of market recognition and low remanufacturing costs. The results are summarized below:
(1) If the difference in consumers' preference between the certified and uncertified channels is significant enough, then the piece-rate payment contract is the best option for the OEM to adopt. This is because the CTPR has a competitive advantage in the market and its sales quantity is large, which will provide a considerable certification fee for the OEM in the piece-rate contract. (2) If the difference in consumers' preferences between the certified and uncertified channels is sufficiently small, the OEM obtains the highest profit when using the profit-sharing payment contract. This is because the CTPR's competitive advantage is weak when compared with the UTPR, and the number of remanufactured products will be relatively small. As such, the piece-rate contract is inappropriate for the manufacturer. However, since remanufactured products have the advantage of low costs and are still very popular in the market, TPRs can make a good profit. Therefore, it is best for the OEM to choose the profit-sharing payment contract, which will provide a considerable certification payment.
In the case where remanufactured products do not have a strong competitive position, the OEM prefers the piece-rate payment contract, even if the difference in consumers' preferences between the certified and uncertified channels is small and the CTPR's remanufacturing volume is low. This is because, when the CTPR has a weak profitability, the OEM is not willing to be involved in the CTPR's profit. As such, the profit-sharing payment contract is not a good choice for the OEM.
We provide an example of numerical simulation in Figure 3 to graphically show the results. Here, we assume that c N = 0.35. In Figure 3 , the left graph is the case where α = 0.6 and c R = 0.1, and the right graph is the case where α = 0.8 and c R = 0.05. The horizontal axis is β, representing the consumers' preference for the regular remanufactured channel as against the certified channel. The vertical axis represents the OEM's profit in different contracts. Among the three curves, the regular one is the OEM's profit in the lump-sum payment contract, the dashed one is that in the profit-sharing payment contract, and the bold one is that in the piece-rate payment contract. In the case where α = 0.6 and c R = 0.1, the piece-rate payment contract is dominant. In the case where α = 0.8 and c R = 0.05, if β (>0.35) is high, then the profit-sharing payment contract is optimal; otherwise, the piece-rate payment contract is optimal.
According to the above results, the lump-sum payment contract is generally not favored. Only when the profitability of remanufactured products is good, can the OEM and CTPR reach an agreement on the certification contract. However, if they decide on an agreement, the OEM will obtain a higher profit with the other two contracts (profit-sharing and piece-rate). When the profitability of remanufactured products is weak, the OEM may have its highest profits in the lump-sum payment contract, but the OEM and CTPR will not be able to reach a certification agreement. In summary, the application conditions for the three payment contracts are organized in Table 2 . 
Contract Type Description Applicable Conditions
Lump-sum payment contract CTPR pays a one-time certification fee to the OEM  Not chosen compared with profit-sharing or piece-rate payment contracts.
Profit-sharing payment contract CTPR pays a certain percentage of its profit to the OEM  If remanufactured products have a high degree of market recognition and low remanufacturing costs, and the difference in consumers' preferences between the certified and uncertified channels is sufficiently small, then the OEM gets the highest profit in the profitsharing payment contract.
Piece-rate payment contract CTPR pays a certification fee for each remanufactured product  If remanufactured products have a high degree of market recognition and low remanufacturing costs, and the difference in consumers' preference between the certified and uncertified channels is significant enough, then the piecerate payment contract is the best option for the OEM to adopt.  If remanufactured products do not have a strong competitive position, i.e., with a low degree of market recognition and high remanufacturing costs, the OEM prefers the piece-rate payment contract.
Conclusions
In the electrical and electronic market, there are OEM new products, as well as TPR remanufactured products which exert competitive pressures on new products. In general, consumers have a higher preference for manufacturer-certified remanufactured products than regular ones. Based on this observation, remanufacturing certification is a strategy that OEMs can use to benefit In summary, the application conditions for the three payment contracts are organized in Table 2 . Table 2 . The applicable conditions of contract types.
Contract Type Description Applicable Conditions
Lump-sum payment contract CTPR pays a one-time certification fee to the OEM
• Not chosen compared with profit-sharing or piece-rate payment contracts.
Profit-sharing payment contract CTPR pays a certain percentage of its profit to the OEM
• If remanufactured products have a high degree of market recognition and low remanufacturing costs, and the difference in consumers' preferences between the certified and uncertified channels is sufficiently small, then the OEM gets the highest profit in the profit-sharing payment contract.
Piece-rate payment contract CTPR pays a certification fee for each remanufactured product
• If remanufactured products have a high degree of market recognition and low remanufacturing costs, and the difference in consumers' preference between the certified and uncertified channels is significant enough, then the piece-rate payment contract is the best option for the OEM to adopt.
• If remanufactured products do not have a strong competitive position, i.e., with a low degree of market recognition and high remanufacturing costs, the OEM prefers the piece-rate payment contract.
Conclusions
In the electrical and electronic market, there are OEM new products, as well as TPR remanufactured products which exert competitive pressures on new products. In general, consumers have a higher preference for manufacturer-certified remanufactured products than regular ones. Based on this observation, remanufacturing certification is a strategy that OEMs can use to benefit from product remanufacturing. As a form of engaging in remanufacturing, certifying a qualified TPR to remanufacture has been adopted by some OEMs. Our paper studies three contracts that explain how a certification payment will be charged to TPRs, which include the lump-sum payment contract, profit-sharing payment contract, and piece-rate payment contract.
In the lump-sum payment contract, as the difference in consumers' preferences between certified and uncertified remanufacturing channels narrows, both the OEM and the certified TPR will lower their prices in response to the competition from the uncertified TPR. Therefore, an excessively small difference in consumers' preferences between the two channels may not yield a good performance for the uncertified TPR, because a strong response from both the OEM and the certified TPR will be triggered. By comparing the equilibrium profits before and after certification, results show that if the cost of new products is high enough, consumers' preference for remanufactured products is sufficiently big, and the difference in consumer preferences between the two channels is significant, then the OEM is willing to certify a TPR, resulting in a win-win outcome.
In the profit-sharing payment contract, when the production costs of new products are sufficiently high, the OEM makes a profit from the remanufacturing certification. The OEM and certified TPR can negotiate the profit-sharing percentage to achieve a win-win outcome. As the consumers' preference for remanufactured products becomes stronger, the growth in profits of the two sides will increase. However, when the production cost of new products is relatively low, the OEM's new products will be much more competitive than the remanufactured products. Therefore, the benefits that remanufacturing certification brings to the OEM may not offset the competition that certified remanufactured products provide to the new products. Therefore, the OEM is unwilling to adopt certification.
In the piece-rate payment contract, if the production costs of remanufactured products are low enough and those of the new products are high enough, then the OEM's most desirable certification fee will be lower than the highest acceptable fee that the certified TPR will accept. In this case, the profits of both the OEM and certified TPR will be superior to those before certification. As such, both sides will benefit from this contract. However, if the OEM's desirable certification fee is greater than the TPR's acceptance bottom-line, the certified TPR will suffer a loss and a certification agreement will not be reached.
If the TPRs' profit margin is strong and there is no large difference in consumers' preferences between the certified and the uncertified remanufacturing channels, then the profit-sharing payment contract provides the OEM with the highest profit; otherwise, the piece-rate payment contract is the best option.
Our research conclusions provide managerial insights for OEMs who might have doubts about the benefits of implementing remanufacturing certification. We have provided the basis for future research into this interesting research area, including an investigation of other forms of certification contracts. In addition, we could expand the model to include multiple certified TPRs, as well as uncertified TPRs.
